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Barley lipid-transfer protein complexed with palmitoyl CoA: the
structure reveals a hydrophobic binding site that can expand to
fit both large and small lipid-like ligands
Mathilde H Lerche1, Birthe B Kragelund1, Lene M Bech2 and 
Flemming M Poulsen1*
Background: Plant nonspecific lipid-transfer proteins (nsLTPs) bind a variety of
very different lipids in vitro, including phospholipids, glycolipids, fatty acids and
acyl coenzyme As. In this study we have determined the structure of a nsLTP
complexed with palmitoyl coenzyme A (PCoA) in order to further our
understanding of the structural mechanism of the broad specificity of these
proteins and its relation to the function of nsLTPs in vivo. 
Results: 1H and 13C nuclear magnetic resonance spectroscopy (NMR) have
been used to study the complex between a nsLTP isolated from barley seeds
(bLTP) and the ligand PCoA. The resonances of 97% of the 1H atoms were
assigned for the complexed bLTP and nearly all of the resonances were
assigned in the bound PCoA ligand. The palmitoyl chain of the ligand was
uniformly 13C-labelled allowing the two ends of the hydrocarbon chain to be
assigned. The comparison of a subset of 20 calculated structures to an average
structure showed  root mean square deviations of 1.89 ± 0.19 Å for all C, N, O, P
and S atoms of the entire complex and of 0.57 ± 0.09 Å for the peptide
backbone atoms of the four a helices of the complexed bLTP. The four-helix
topology of the uncomplexed bLTP is maintained in the complexed form of the
protein. The bLTP only binds the hydrophobic parts of PCoA with the rest of the
ligand remaining exposed to the solvent. The palmitoyl chain moiety of the ligand
is placed in the interior of the protein and bent in a U-shape. This part of the
ligand is completely buried within a hydrophobic pocket of the protein. 
Conclusions: A comparison of the structures of bLTP in the free and bound forms
suggests that bLTP can accommodate long olefinic ligands by expansion of the
hydrophobic binding site. This expansion is achieved by a bend of one helix, HA,
and by conformational changes in both the C terminus and helix HC. This mode of
binding is different from that seen in the structure of maize nsLTP in complex with
palmitic acid, where binding of the ligand is not associated with structural changes.
Introduction
Lipid-transfer proteins (LTPs) are proteins that facilitate
the transfer of lipids between natural or artificial mem-
branes [1]. There are two classes of LTPs: the specific
LTPs (spLTPs), which are acidic 20–30kDa proteins
being specific for the transfer of different classes of phos-
pholipids, and the nonspecific LTPs (nsLTPs) which are
basic 9–15kDa proteins being able to transfer several
classes of lipids [2]. nsLTPs have been isolated from
various higher plants and animals [3–9]. The mammalian
nsLTPs differ from plant nsLTPs both in respect to their
molecular mass and sequence and in terms of the number
of cysteine residues they contain [10]. Among plant
nsLTPs, however, the sequence similarity is very high
(between 40–70% identity), and with few exceptions they
contain eight conserved cysteine residues which have
been proven to be involved in conserved disulfide bridges
[11]. Barley nsLTP is a 91 amino acid residue protein,
with a pI of 9 and a molecular weight of 9694Da [12]. 
A number of different in vitro functions of the nsLTPs
have been established, including the transfer of phospho-
lipids from liposomes or microsomes to mitochondria [3],
aiding the formation of cutin by transporting the
hydrophobic cutin monomers [13], and (due to their anti-
fungal activity) an involvement in defense against patho-
gens [14]. Plant nsLTPs also bind fatty acids and acyl-
coenzyme A esters, and have thus been proposed to
function as fatty acid and acyl-coenzyme A binding pro-
teins [15–18]. Nevertheless, the biological function of
nsLTP still remains to be established.
Four three-dimensional (3D) structures of plant nsLTPs
are known, these are the NMR structures of barley
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(bLTP), wheat (wLTP) and maize (mLTP) nsLTP, and
the X-ray structure of the complex between mLTP and
palmitic acid [19–22]. Of the 91 amino acid residues of
bLTP, 64 are identical to wLTP and 51 are identical to
mLTP. All of the nsLTPs are compact, single domain pro-
teins comprising four helices (HA, HB, HC and HD) and a
long, well defined C-terminal region with no regular sec-
ondary structure. Three of the helices form a regular and
consecutive up-down-up motif, where the amphipathic HA
makes hydrophobic contacts mainly to HC but also to HB.
HD makes contacts to HA and HB and to the C terminus,
and as a result HD lies perpendicular to the three other
helices. In the crystal structure of the mLTP–palmitic acid
complex a tunnel-like cavity is present, which is both wide
enough and long enough to accommodate approximately
12 carbon atoms of a long fatty acid chain. A similar cavity
has been observed in the unliganded structures of bLTP
and wLTP [19,20]. The interior of the tunnel-like cavity is
made up of hydrophobic residues and the extended C ter-
minus is placed as a lid over the bottom of the cavity
where the carboxylate group of palmitate is in contact with
the solvent.
In this study we are concerned with the determination 
of the solution structure of bLTP in complex with the
ligand palmitoyl coenzyme A (PCoA). In this structure 
of the complex the hydrophobic parts of the ligand 
are completely buried within the hydrophobic cavity of
the protein. In order to accommodate this ligand the
bLTP structure has been expanded, compared to the
recently published 3D structure of unliganded bLTP.
The rather large ligand induced structural changes which
are observed here have not been reported in the mLTP–
palmitate complex. This present work aims to improve our
understanding of the wide range of specificity of these
proteins.
Results
Lipid binding
Fluorescence spectroscopy was used to examine the
binding of a number of ligands: oleic acid (C18:1); linoleic
acid (C18:2); palmitic acid (C16:0); lyso-phosphatidylcholine,
stereoyl (lysoPC); lyso-phosphatidylcholine, myristoyl
(myoPC); palmitoyl coenzyme A (PCoA); and oleoyl coen-
zyme A (OCoA) (the results are summarized in Table 1).
The change in fluorescence upon ligand binding is likely
to originate from the fluorescence emission of the pheno-
lic sidechains of Tyr16 and Tyr79, which are located in HA
and the C terminus, respectively. In this way, binding
constants (Kd values) were determined for OCoA and
PCoA and an endpoint titration was reached in both cases
at ligand excess of 3 :1. None of the fatty acids revealed a
binding constant large enough to make an endpoint titra-
tion, although the binding curves do suggest that palmi-
tate forms the strongest complex with bLTP. Neither of
the phospholipids showed any binding to bLTP. 
PCoA was chosen for an NMR study of the complex 
formation with bLTP as it revealed the highest binding
affinity of the examined ligands (Kd=1 ×10–6 M). In addi-
tion, a titration of bLTP with PCoA using one-dimen-
sional 1H NMR spectroscopy showed this complex to be
in slow exchange indicating the formation of a stable
complex. 
Assignment of protein NMR resonances
The 1H assignments were obtained using the Wagner-
Wüthrich strategy [23] combined with the PRONTO
spin-system identification tool [24] to analyze the double
quantum filtered correlation spectroscopy (DQF-COSY),
total correlation spectroscopy (TOCSY) and nuclear Over-
hauser enhancement spectroscopy (NOESY) spectra of
the liganded bLTP (Table 2). In the fingerprint region of
the DQF-COSY spectrum a total of 86 of the 93 expected
HN-Ha cross-peaks were identified. The HN-Ha chemical
shifts of the residues with missing cross-peaks, including
Cys28, Ser41, His59, Tyr79 and Cys87, were identified on
the basis of NOE-connectivities. The last two cross-peaks,
belonging to the N-terminal residues Asn2 and Cys3, were
never identified. Resonance assignments were obtained
for 97% of the protein 1H atoms in the bLTP–PCoA
complex. A total of 68 3JHNHa coupling constants were
measured to provide dihedral angle restraints for 57
φ angles. The stereospecific assignments of 37 b protons,
10 g protons and two d protons resulted in 42 χ1 and 
7 χ2 dihedral angle restraints. From NOE intensities, five
out of six proline residues showed trans peptide bonds
whereas one, Pro23, was shown to have a cis peptide bond.
All four disulfide bridges were identified by NOEs
between the b protons in each pair: Cys3–Cys50, Cys13–
Cys27, Cys28–Cys73 and Cys48–Cys87. 
The secondary structure elements present in the bLTP–
PCoA complex are very similar to those of the free bLTP
[19]. The four a helices were defined, as supported by the
short range NOEs, the coupling constants and the slowly
exchanged amide protons presented in Figure 1: HA
(Cys3–Gly19); HB (Gly25–Gln37); HC (Arg44–Arg56); and
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Table 1
Fluorescence binding data.
Ligand Binding constant Kd (M)
C18:2 > 1 × 10–3
C18:1 > 1 × 10–3
C16:0 > 1 × 10–4
LysoPC > 1 × 10–2
MyoPC > 1 × 10–2
OCoA 6.75 × 10–6 ± 0.5 × 10–6
PCoA 1.35 × 10–6 ± 0.3 × 10–6
HD (Leu63–Asn74). Two gaps are recognized in the
sequential assignment, one around His59 and another in
the sequence between Val77, Pro78 and Tyr79. As no
a proton was assigned for His59 the connection to Ile58 is
confined through its b protons. Tyr79 is connected to
Thr80 through NOEs from the d proton, and Val77 makes
contacts to Tyr79 from the g protons.
Assignment of ligand NMR resonances
The ligand, PCoA, may be considered as a five residue
molecule consisting of: adenosine-3′-phosphate (Ade),
pyrophosphate (Pyr), pantothenic acid (Pan), cysteamine
(Cyn) and the palmitoyl chain (Pal) [25]. The assignments
of the 1H-NMR signals of four of these residues are pre-
sented in Table 3; a sequential assignment was carried out
between Cyn and Pan.
In order to distinguish the resonances of the methylene
groups in Pal this part of the ligand was uniformly
13C labelled. Several cross-peaks from the labelled part of
the ligand were identified, but it was not always possible
to connect the cross-peaks to the spin system, thus the
13C labelling revealed only two additional assignments.
This observation suggested that Pal in its bLTP-bound
form is situated in a highly hydrophobic environment.
NOE assignment
A total of 884 non-redundant NOE-derived distance
restraints were obtained from the analysis of three NOE
spectra. The distribution of these NOEs can be seen 
in Figure 2. It is evident that the helical regions of the
complexed bLTP are well defined. The residues domi-
nating the long range NOEs are aromatic and hydrophobic
aliphatic residues (including, Val6, Tyr16, Val17, Val31,
His35, Ile58, Ile69, Val75, Tyr79 and Ile90) suggesting
that these residues participate in the hydrophobic core of
the protein.
The determination of the ribose conformation (N- or S-
type) is dependent on two features: the coupling constants
(3JH1′H2′ and 3JH3′H4′) and the distances, d(H1′–H2′) and
d(H3′–H4′) [26]. The ribose ring was accordingly deter-
mined to be an S-type (C-2′-endo, C-3′-exo) conformation,
with a pseudo-rotation angle, P, in the range (144° to 180°)
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Figure 1
Summary of the information applied in the
sequential assignment and in the secondary
structure analysis. The amino acid sequence
is shown at the top. The framed regions of the
sequence show the helices. The intensities of
the sequential NOEs are categorized as either
strong, medium or weak and shown
accordingly by the thickness of the lines. The
3JHNHa coupling constants are accurate
within ±1 Hz.
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Table 2
1H chemical shifts in liganded bLTP at pH 7.2 and 310K.
Residue HN Ha Hb Others 3JHNHa, f, χ1, χ2
1 Leu 4.57 1.82, 1.92 (-, -, -, -)
2 Asn 4.95 2.93, 3.16 (-, -, -, -)
3 Cys 4.55 2.92, 3.33 (-, -, -, -)
4 Gly 8.78 3.95, 3.79 (-, -, -, -)
5 Gln 7.84 4.20 2.003, 2.312 2.48, 2.41 (Hg); 7.44, 6.74 (Hε2) (4 Hz, –57°, –60°, -)
6 Val 7.39 3.56 2.34 0.903, 1.062 (Hg) (4 Hz, –57°, 180°, -)
7 Asp 8.44 4.13 2.75, 2.71 (2 Hz, –57°, -, -)
8 Ser 7.79 4.11 3.993, 4.042 (2 Hz, –57°, 180°, -)
9 Lys 7.68 4.25 1.98 1.82, 1.57 (Hg); 1.69, 1.13 (Hd);
2.98, 3.48 (Hε) (4 Hz, –57°, -, -)
10 Met 7.78 4.82 2.093, 1.952 2.46, 2.55(Hg); 1.89 (Hε) (8 Hz, –120°, –60°, -)
11 Lys 7.89 4.10 2.023, 2.122 1.57 (Hg); 1.76 (Hd); 2.99 (Hε) (2 Hz, –57°, 180°, -)
12 Pro 4.38 2.14, 1.35 2.01, 1.95 (Hg); 3.65, 3.73 (Hd) (-, -, trans)
13 Cys 8.71 4.81 3.162, 3.283 (8 Hz, –120°, –60°, -)
14 Leu 8.16 3.83 2.033, 1.782 0.87, 0.82 (Hd) (2 Hz, –57°, 180°, -)
15 Thr 8.37 4.12 4.27 1.41 (Hg2) (2 Hz, –57°, 60°, -)
16 Tyr 7.35 4.53 3.493, 3.002 6.94 (Hd); 6.63 (Hε) (4 Hz, –57°, 180°, -)
17 Val 8.23 3.79 2.41 0.973, 1.092 (Hg) (4 Hz, –57°, –60°, -)
18 Gln 7.63 4.75 2.113, 2.202 2.322, 2.453 (Hg); 6.77, 7.53 (Hε2) (4 Hz, –57°, 60°, 180°)
19 Gly 7.77 4.57, 3.46 (-, -, -, -)
20 Gly 8.29 4.46, 3.72 (-, -, -, -)
21 Pro 4.65 1.89, 2.35 2.03 (Hg); 3.64, 3.55 (Hd) (-, -, trans)
22 Gly 8.17 4.16, 3.21 (-, -, -, -)
23 Pro 3.89 1.80 1.37, 1.72 (Hg); 3.31, 2.65 (Hd) (-, -, cis)
24 Ser 8.95 4.42 4.163, 3.892 (-, -, –60°, -)
25 Gly 8.60 3.92, 4.06 (-, -, -, -)
26 Glu 8.74 4.13 2.083, 1.972 2.38, 2.50 (Hg) (2 Hz, –57°, 60°, -)
27 Cys 8.02 4.37 2.892, 3.293 (4 Hz, –57°, 180°, -)
28 Cys 8.15 4.70 2.802, 3.033 (3 Hz, –57°, –60°, -)
29 Asn 8.89 4.48 2.903, 2.962 7.59, 6.78 (Hd) (2 Hz, –57°, 60°, -)
30 Gly 7.98 4.26, 3.88 (-, -, -, -)
31 Val 8.16 3.58 2.29 0.823, 1.122 (Hg) 4 Hz, –57°, 180°, -)
32 Arg 8.42 3.85 2.283, 1.942 1.75, 1.57 (Hg); 3.29, 3.18 (Hd) (2 Hz, –57°, 180°, -)
33 Asp 8.32 4.48 2.972, 2.723 (2 Hz, –57°, –60°, -)
34 Leu 8.22 4.00 1.842, 1.553 1.78 (Hg); 0.912, 0.963 (Hd) (4 Hz, –57, –60°, 180°)
35 His 8.48 3.96 3.343, 3.012 6.68 (Hd) (2 Hz, –57°, 180°, -)
36 Asn 8.26 4.46 2.90, 3.08 6.92, 7.83 (Hd) (2 Hz, –57°, -, -)
37 Gln 8.00 4.25 2.102, 2.183 2.563, 2.442 (Hg); 7.37, 6.54 (Hε2) (7 Hz, –120°, -60°, 180°)
38 Ala 7.70 4.51 1.14 (7 Hz, –120°, -, -)
39 Gln 8.28 4.28 1.94 2.40, 2.29 (Hg) (8 Hz, –120°, -, -)
40 Ser 8.42 4.80 4.28, 4.03 (-, -, -, -)
41 Ser - 4.11 3.92, 4.02 (-, -, -, -)
42 Gly 8.60 3.91, 3.76 (-, -, -, -)
43 Asp 7.90 4.50 2.483, 2.782 (4 Hz, –57°, –60°, -)
44 Arg 8.13 3.67 1.892, 1.783 1.33, 1.55 (Hg); 3.20, 2.97 (Hd) (2 Hz, –57°, –60°, -)
45 Gln 8.47 3.75 2.142, 1.953 2.67, 2.76 (Hg); 7.56, 6.41 (Hε2) (2 Hz, –57°, –60°, -)
46 Thr 8.26 4.06 4.44 1.15 (Hg2) (4 Hz, –57°, –60°, -)
47 Val 8.31 3.26 2.18 0.89 (Hg1); 0.99 (Hg2) (2 Hz, –57°, 180°, -)
48 Cys 7.91 4.00 3.503, 2.572 (2 Hz, –57°, 180°, -)
49 Asn 8.79 4.39 2.753, 2.862 7.27, 7.20 (Hd) (2 Hz, –57°, –60°, -)
50 Cys 9.02 4.54 3.013, 2.812 (2 Hz, –57°, –60°, -)
51 Leu 8.57 4.06 1.213, 2.152 1.92 (Hg); 0.833, 0.842 (Hd) (2 Hz, –57°, –60°, -)
52 Lys 8.55 3.86 1.92 1.31, 1.69 (Hg); 1.77, 1.89 (Hd);
3.08 (Hε) (4 Hz, –57°, -, -)
53 Gly 7.78 4.02, 3.86 (-, -, -, -)
54 Ile 8.16 4.07 1.78 1.56 (Hg1); 1.16 (Hg2); 0.95 (Hd) (3 Hz, –57°, -, -)
55 Ala 8.36 3.84 1.40 (3 Hz, –57°, -, -)
56 Arg 7.32 4.09 1.903, 1.942 1.39, 1.75 (Hg); 3.25 (Hd) (4 Hz, –57°, 180°, -)
57 Gly 7.57 4.31, 3.77 (-, -, -, -)
58 Ile 7.19 4.10 1.91 1.113, 1.652(Hg1); 
0.78 (Hg2); 0.66 (Hd) (-, -,–60°,180°)
59 His 8.83 - 3.31, 3.04 (-, -, -, -)
based on the coupling constants 3JH1′H2′ and 3JH3′H4′ being
8.5±1Hz and 0.9 ±1 Hz, respectively, and on the medium
(H1′–H2′) NOE and the strong (H3′–H4′) NOE. Five
dihedral angle restraints within the ribose ring were
derived from the pseudo-rotation angle P. The NOE
observed between the H1′ of the ribose ring and the H8 of
the adenine ring was weak in intensity and consequently
the glycosidic bond must be in the antistate with a
χ-torsion angle in the range –90°–(–170°) [27].
The ligand conformation was defined by 48 NOEs. These
NOEs, together with 58 interprotein–ligand NOEs, were
assigned using the HSQC-NOE spectrum. The majority
of the interprotein–ligand NOEs were between Pal and
HB, the ε protons of Met10, the g protons of Val75, and
the d and ε protons of Tyr79. No interprotein–ligand
NOEs were observed to the Ade moiety and only eight
NOEs were assigned between hydrophobic residues, in
HA and HC, and the methylene groups of Cyn (Fig. 2c).
Structure determination
A total of 48 structures of the bLTP–PCoA complex were
calculated out of which 45 structures had no distance vio-
lations greater than 0.5 Å and no angle violations greater
than 10°. A subset of 20 structures possessing the lowest
total energy, no NOE violation greater than 0.4 Å and no
angle violation greater than 10°, was selected to represent
the 3D solution structure of the complex between bLTP
and PCoA. 
In order to evaluate the quality and identity of the 20
lowest energy structures the coordinates of the individual
structures were related to a calculated average structure.
The average structure was calculated by fitting the back-
bone atoms (C, N, Ca) of the individual structures. From
a comparison of the 20 individual structures and this
average structure the atomic root mean square deviations
(rmsds) were calculated, both for the backbone atoms and
for all heavy atoms (Fig. 2e). Overall, the rmsd values
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Table 2 continued
Residue HN Ha Hb Others 3JHNHa, f, χ1, χ2
60 Asn 8.63 4.38 2.74, 2.91 7.49, 6.71 (Hd) (-, -, -, -)
61 Leu 7.37 3.86 1.542, 1.663 1.37 (Hg); 0.82, 0.80 (Hd) (-, -, 180, -)
62 Asn 9.17 4.76 2.733, 2.432 7.49, 6.81 (Hd) (8 Hz, –120°, 180°, -)
63 Leu 8.69 3.86 1.70, 1.63 1.73 (Hg), 0.88; 0.93(Hd) (-, -, -, -)
64 Asn 8.18 4.41 2.862, 3.523 7.56’ 6.95 (Hd) (2 Hz, –57°, –60°, -)
65 Asn 8.28 4.19 2.383, 1.142 6.80, 7.03 (Hd) (3 Hz, –57°, 180°, -)
66 Ala 8.26 3.86 1.38 (2 Hz, –57°, -, -)
67 Ala 8.49 4.10 1.60 (2 Hz, –57°, -, -)
68 Ser 7.72 4.65 4.102, 4.373 (7 Hz, –120°, 180°, -)
69 Ile 7.46 3.75 2.22 1.05, 2.48 (Hg1); 0.92 (Hg2) (2 Hz, –57°, -, -)
70 Pro 4.00 2.21, 2.50 2.39, 1.56 (Hg); 3.88, 3.56 (Hd) (-, -, trans)
71 Ser 8.08 4.31 4.00 (4 Hz, –57°, -, -)
72 Lys 8.53 4.18 1.823, 1.642 1.70, 1.59 (Hd); 3.04, 3.11 (Hε) (2 Hz, –57°, 180°, -)
73 Cys 8.29 4.91 3.123, 2.592 (8 Hz, –120°, –60°, -)
74 Asn 7.89 4.36 2.693, 3.142 7.40, 6.73 (Hd) (8 Hz, 60°, 180°, -)
75 Val 8.44 4.19 1.23 0.473, 0.602 (Hg) (9 Hz, –120°, 60°, -)
76 Asn 8.32 4.53 2.64, 2.84 7.54, 6.83 (Hd) (-, -, -, -)
77 Val 8.23 4.60 2.13 0.91, 1.08 (Hg) (-, -, -, -)
78 Pro 3.69 1.98 2.50 (Hg); 3.44, 3.58 (Hd) (-, -, trans)
79 Tyr 6.97 3.48 2.14, 3.14 6.94 (Hd); 6.82 (Hε) (-, -, -, -)
80 Thr 8.61 4.06 4.17 1.19 (Hg2) (-, -, -, -)
81 Ile 8.78 3.79 2.07 1.503, 1.602 (Hg1);
0.76 (Hg2); 0.85 (Hd) (-, -, –60°, -)
82 Ser 6.98 4.88 4.073, 3.592 (8 Hz, –120°, –60°, -)
83 Pro 4.06 2.31, 2.03 2.10, 1.89 (Hg); 3.62, 3.93 (Hd) (-, -, trans)
84 Asp 7.81 4.65 2.50, 2.73 (-, -, -, -)
85 Ile 7.23 3.89 2.02 1.56, 0.824(Hg1); 0.92 (Hg2); 
1.19 (Hd) (2 Hz, –57°, 180°, -)
86 Asp 8.26 4.79 2.573, 2.892 (2 Hz, –57°, –60°, -)
87 Cys 8.53 4.37 3.11 (-, -, -, -)
88 Ser 8.41 4.21 3.913, 4.022 (7 Hz, –120°, 180°, -)
89 Arg 7.26 4.39 1.653, 2.172 1.55, 1.63 (Hg); 3.21 (Hd) (9 Hz, –120°, 60°, -)
90 Ile 6.77 3.82 1.75 1.092, 0.913 (Hg1); 
0.58 (Hg2); 0.30 (Hd) (8 Hz, –120°, –60°, -)
91 Tyr 7.34 4.48 2.90, 3.09 7.12 (Hd); 6.81 (Hε) (8 Hz, –120°, -, -)
1H chemical shifts are accurate within 0.01 ppm and measured in ppm relative to the methyl group proton resonance of 3-(trimethylsilyl)-propionic-
d4 acid. Stereospecific assignment is indicated by the superscript 2 and 3 as recommended by IUPAC-IUB [53]. Measured 3JHNHa coupling
constants, derived f angle constraints and χ1 and χ2 angle constraints are listed for each spin system.
suggest that the structure of the complex is highly consis-
tent with the experimentally determined restraints. Some
regions of the structure are clearly better defined than
others, in particular the four a helices in the protein struc-
ture are very well defined due to the large amount of
NOEs in these parts of the structure. The average total
energy of the 20 structures was calculated and the ener-
gies corresponding to each of the energy terms in the
applied force field were extracted (Table 4).
The protein
A stereo view superimposition of the 20 lowest energy
structures of the complexed bLTP is presented in
Figure 3a. The four a helices are arranged in the same
manner as was seen in the previously published nsLTP
structures. HA and HD are bent in the middle due to pro-
lines (Pro12 and Pro70). These bends are identified by
large coupling constants and missing hydrogen bonds [28].
HA is bent to such an extent that it is questionable as to
whether it should be defined as one or two helices.
The covalent geometry of the individual residues has
been evaluated with respect to the two backbone angles,
f and ψ, and the sidechain angle χ1. Where applicable the
average angles and their standard deviations were com-
pared to the dihedral angle restraint boundaries [29]
(Fig. 2d). There were only a few cases in which the f
angles came close to violation, these were the f angles of
Cys13, Ala38 and Arg56. Ala38 and Arg56 are situated in
loosely defined parts of the structure at the beginning of
the second and third loop, hence the large coupling con-
stants of these residues may be a result of motional averag-
ing and may not reflect the derived angular restraints.
Cys13 is located in HA following Pro12; Pro12 may be
involved in the formation of the bend in this helix. 
The ligand
A stereo view superimposition of the 20 lowest energy
structures of the bound PCoA ligand is shown in Figure 3b.
The most well defined part of the ligand is clearly Pal,
which is also the moiety which forms most contacts to the
protein. The Cyn and Pan moieties of the ligand are also
fairly well defined, contrary to the Ade moiety, which is
defined solely by a few intraligand NOEs, and the Pyr
moiety. Both the Ade and Pyr moieties are solvent exposed
and rather loosely defined in the structure of the complex.
Pal is bent at the middle of its chain placing its ω end in
close proximity to the a end of the chain. The a end of Pal
and the Cyn moiety make contacts to the hydrophobic
regions of Pan and Pan is consequently bent in much the
same manner as Pal. No consistent internal hydrogen
bonds and no salt bridges could be established. 
The binding site
The binding site in bLTP is highly hydrophobic, thus 
only the hydrophobic parts of PCoA make contacts to the
protein in the bLTP–PCoA complex. Pal is bent in a
U shape, with both ends making contacts to the same
residues of the protein. This part of the ligand is com-
pletely buried inside the protein within a hydrophobic
pocket formed by hydrophobic residues originating from
all four helices and from the C terminus (Fig. 4). The
residues in the hydrophobic pocket are Val6, Met10,
Leu14, Tyr16, Val17 (within HA), Val31, Leu34 (within
HB), Val47, Leu51, Ile54 (within HC), Ala66, Ile69 (within
HD) and Tyr79, Ile81 of the C terminus. With the excep-
tion of Val47 and Tyr79 all of the residues mentioned are
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Table 3
1H and 13C chemical shifts in the free and bound [13C16] PCoA
at pH 7.2 and 310K.*
Free Bound
Residue 1H† 13C 1H† 13C
Ade
H-6 - -
H-2 8.22 8.27
H-8 8.51 8.54
H-1′ 6.09 6.16
H-2′, HO-2′ 5.27, - 4.81, -
H-3′ - 4.78
H-4′ 4.44 4.56
H-5′ 4.07, 4.07 4.24, -
Pan 3
H-1 3.87, 3.56 3.84, 3.54
H-2 0.90, 0.74 0.89, 0.72
H-3, HO-3 4.04, - 4.02, -
HN-5 8.02 8.03
H-6 3.45, 3.45 3.44, 3.44
H-7 2.47, 2.47 2.45, 2.45
Cyn 4
HN-1 8.16 8.36
H-2 3.32, 3.32 3.31, 3.31
H-3 3.00, 3.00 3.04, 3.04
Pal 5
1 2.65, 2.65 45.77 2.39 45.86
2 1.65, 1.65 27.47 1.43 27.50
3 1.17 31.70
4
5
6 ↑ ↑ ↑ ↑
7‡ 1.29 33.52 1.2 31.50
8 ↓ ↓ ↓ ↓
9
10
11
12
13
14 1.25 34.24
15 1.30 24.32 1.30 24.96
16 0.91 15.78 0.91 16.29
*1H and 13C chemical shifts are measured in ppm relative to the methyl
group resonances of 3-(trimethylsilyl)-propionic-d4 acid. †1H chemical
shifts are accurate within ± 0.01 ppm. ‡The arrows indicate that the
reported assignments do not necessarily refer to the methylene
protons of C7 but might as well descend from any of the middle chain
methylene groups.
conserved as hydrophobic residues throughout the plant
nsLTPs. Tyr79 is conserved in all sequences except for
that of castor bean nsLTP.
Two key residues of bLTP, Met10 and Tyr79, are
located on opposite sides of the binding site and make
contacts to each end of Pal. The ε protons of Met10 are
positioned in the second part of HA and the ring protons
of Tyr79 are positioned in the C terminus (Fig. 5). In
addition, hydrophobic interactions were formed between
the protein and the ω end of Pal. These interactions were
formed by two residues located in HB, Val31 and Leu34.
The hydrophobic residues of HA, and in particular Leu14,
were seen to form contacts with the a end of Pal. The
interprotein–ligand NOEs of the methylene atoms in the
middle part of Pal, clearly suggest the formation of con-
tacts to the hydrophobic residues of HD and the C termi-
nus, but it was not possible to assign the individual NOEs. 
It would therefore seem that in the bLTP–PCoA complex
no restraints can be applied to the region of Pal stretching
from C5 to C13, and consequently this part of the ligand is
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Figure 2
Assessment and summary of structural
restraints. (a) The distribution of intra NOEs in
bLTP; intraresidual NOEs (black), sequential
NOEs (red), medium range NOEs (green),
and long range NOEs (blue). Boxes indicate
the positions of a helical areas. (b) The
distribution of intraligand NOEs. Residues 1
to 5 are adenosine-3′-phosphate,
pyrophosphate, pantothenic acid, cysteamine
and the palmitoyl chain, respectively. (c) The
distribution of interprotein–ligand NOEs:
NOEs from the pantothenic acid moiety to the
protein (dark blue), NOEs from cysteamine
(cyan), NOEs from the palmitoyl chain
(magenta). (d) Average f, ψ and χ1 angles
extracted from the structures; boxes indicate
the restraints applied. (e) The root mean
square deviations (rmsds) for the protein and
the five residues of the ligand. The top figure
represents all the heavy-atom rmsds for both
the protein and the ligand, and the bottom
figure shows the backbone rmsds for the
protein.
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free to adopt almost any conformation within the struc-
ture. It was seen that this part of Pal adopts two signifi-
cantly different conformations that both fulfill the
structural restraints. One of these conformations occurs 19
times in the ensemble of 20 bLTP–PCoA complex struc-
tures (Fig. 3b). There seems to be enough space in the
hydrophobic cavity of bLTP for Pal to motion between
the two bent positions. The predominant conformation
places the middle of Pal interacting with the hydrophobic
residues in HD. In the rarest conformation, however, the
bend of Pal is in close proximity to the far end of the
C terminus, possibly interacting with Ile90 and Tyr91. 
The remaining hydrophobic moieties of the ligand, Cyn
and Pan, make contacts to Val6 (in the first part of HA),
Leu14 (in the second part of HA) and to Leu51 and Ile54
(in HC). 
Discussion
Comparison of the liganded and unliganded bLTP
A comparison of the NMR data obtained for the free form
of bLTP and that of the bLTP–PCoA complex, with
respect to 1H-NMR signals, coupling constants, stereo-
specific assignment and the distribution of the sequential
and medium range NOEs, showed the data to be in good
agreement. Thus, the restraints applied in the secondary
structure determination of the structure of the complex
are, in most cases, similar to those applied to calculate 
the structure of the free protein. In contrast, there are
changes in the restraints defining the macroscopic
arrangement of the four a helices and the C terminus.
The biggest change in the NOE distribution is the lack 
of NOE contacts from the four a helices to the long
extended C terminus in liganded bLTP, as compared to
the unliganded protein (Fig. 6b). In the free form of
bLTP, many contacts are present between residues 78–83
and the four a helices. These contacts are not present in
the complex and instead contacts are seen from residues
90 and 91 to residues in HC. In addition, the interactions
between HB and HC, which form in the unliganded struc-
ture, disappear in the complex. Instead, two additional
contacts appear in the bLTP–PCoA complex. These con-
tacts form between the second half of HA and HD and
define an additional bend in HA, compared to unliganded
bLTP. Much the same picture arises when comparing the
chemical shifts of the two forms of bLTP (Fig. 6a). In
order to make a complete and accurate chemical shift
comparison, between the liganded and unliganded bLTP,
the chemical shifts of unliganded bLTP were assigned at
pH 7.2 (MHL et al., unpublished data). Nearly all of the
chemical-shift values changed upon the formation of the
bLTP–PCoA complex. The major changes in chemical-
shift values are confined to two parts of the sequence: a
region spanning from Gly42 to Gly57 (in HC), and a
region from Val77 to Ile85 in the C terminus. The reso-
nances of the residues, Val77, Pro78, Tyr79 and Thr80,
are especially perturbed. The most perturbed signals
were in Tyr79 which is one of the key residues in the
interaction with the Pal moiety of the ligand. A change is
observed in the orientation of the phenol group of Tyr79
and this may explain the large chemical-shift changes of
this residue. The χ1 angle of Tyr79 is changed by about
100° between the two structures and the orientation of
the phenol ring in the complex allows the ring protons to
make contacts to the entire Pal residue. The resonances
of the other key residue involved in Pal interactions
Met10, for which the ε protons have many contacts to
both ends of Pal, have not been identified in the uncom-
plexed structure. 
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Table 4
Structural statistics of the 20 structures of the bLTP–PCoA
complex.
Distance restraints (all) 884
Intraresidual 142
Sequential (|i–j| = 1) 231
Medium range (1 < |i–j| < 5) 235
Long range (|i–j| > 5) 170
Intraligand 48
Interprotein–ligand 58
Hydrogen bonds 30
Dihedral angle restraints (all) 107
f 57
χ1 43
χ2 7
Deviations from experimentally derived restraints
Distance restraints (Å)
NOE violation > 0.3 Å 0.1
Hydrogen bonds > 0.4 Å 0.0
Rmsd 0.029 ± 0.002
Dihedral angle restraints
angle violation > 5° 1.5
Rmsd 0.91 ± 0.29
Deviations from ideal geometry (rmsd)
Impropers 0.45 ± 0.03
Bonds 0.014 ± 0.0006
Angles 3.22 ± 0.13
Energies (kcal mol–1) (total) –1103 ± 51.90
Bond 54.69 ± 3.39
Angle 392.32 ± 24.98
Dihedral angle restraint 2.71 ± 1.65
Impropers 12.04 ± 1.68
van der Waals –308.31 ± 1.24
Electrostatics –1688.93 ± 38.00
Hydrogen bond 123.34 ± 12.35
NOE 33.07 ± 3.54
Rmsd of atomic positions (Å)
HA 0.35 ± 0.13
HB 0.29 ± 0.07
HC 0.33 ± 0.12
HD 0.26 ± 0.07
Backbone atoms (Ca,N,C) 0.57 ± 0.09
All heavy atoms 1.02 ± 0.17
All heavy atoms (ligand) 1.89 ± 0.19
All heavy atoms (complex) 2.66 ± 0.55
Rmsd = root mean square deviation.
In order to reveal the structural changes induced in the
bLTP structure upon complex formation with PCoA, the
Cai–Caj (i,j = [1–91]) distances have been compared in the
two forms of bLTP (Fig. 6b). In the complex the C termi-
nus is repositioned significantly, as compared to both HA,
HB and HC, showing large Ca–Ca distance changes (in
many cases the changes are larger than 4 Å). In addition,
the position of HB, relative to HC, changes significantly.
These results suggest that the structure of bLTP in
complex with PCoA is expanding and that the C terminus
and to a lesser extent HC are pushed outwards by the
ligand. No significant changes are observed in the dis-
tances between the central helix, HA, and HB and HD;
similarly HD does not move relative to HB and the C ter-
minus. The kink in HA can be seen in Figure 6b, as the
two ends of this helix evidently have approached each
other in space.
The change in NOE pattern upon complex formation is
not a result of different cross-relaxation rates due to the
presence of the ligand. This is evidenced by the fact that
the NOEs descending from the C-terminal residues in the
unliganded bLTP are not present in either of the two
NOESY spectra (80ms and 220 ms) used for assigning the
liganded bLTP. In addition to this point, it is notable that
many of the changes in the NOE pattern arise in connec-
tion with residues which make no van der Waal contacts
with the ligand.
As discussed above, it is evident that the two structures
differ considerably (Fig. 7). The rmsd between the two
sets of structures is 2.26 ±0.22 for the backbone atoms 
and 2.93±0.17 for all heavy atoms. In the bLTP–PCoA
complex, both the Cterminus and HC are displaced out-
wards in order to accommodate the hydrophobic parts of
the ligand. For the same reason the kink in HA in the
complex structure is much more pronounced than in free
bLTP. The bLTP structure is evidently able to expand
the hydrophobic cavity and in this way it may accommo-
date the hydrophobic parts of a rather large ligand.
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Figure 3
NMR bundle of bLTP–PCoA structures.
(a) Stereoview of the peptide backbone of 20
superimposed PCoA-bound bLTP structures.
The structures are fitted to the backbone of
the four a helices, and the C, N, Ca and O
atoms of all residues are displayed; the
residues which begin and end the helices are
labelled. (b) Stereoview of all heavy atoms in
the 20 structures of the bound ligand, PCoA,
aligned with respect to the a-helical areas in
the complexed bLTP. The adenosine-3′-
phosphate and pyrophosphate moieties are
drawn with thick lines. N terminus
C terminus
G19
G25
Q37
R44
G57
L63
N74 N terminus
C terminus
G19
G25
Q37
R44
G57
L63
N74
(a)
(b)
The binding modes of mLTP and bLTP
The binding of PCoA to bLTP as presented by the NMR
structure described here differs to some extend from the
previously described binding of palmitate to mLTP [22].
In liganded mLTP the palmitate is buried within a
hydrophobic core comprised of the same residues as in
bLTP, although in this complex the palmitic acid is only
slightly bent at two sites, between C2 and C4 and again
between C7 and C8. Unlike the bLTP–PCoA complex,
the mLTP complex with palmitate is structurally very
similar to unliganded mLTP. In mLTP small structural
differences between the liganded and free structures are
only observed for residues 79–85, these are exactly the
same residues which are largely perturbed in bLTP.
However, in mLTP these residues are perturbed by less
than 1 Å. Thus, for mLTP the perturbations in the C-ter-
minal region, merely result in a small expansion of the
hydrophobic cavity in the liganded structure compared to
the unliganded structure. In fact, a comparison of the
mainchain C, N and Ca atoms of the 93 residues of free
and bound mLTP gave an rmsd of 0.53Å. This is a minor
change compared to the significantly larger rmsds
observed for the free and liganded barley LTP. The
mLTP coordinates were taken from the Protein Data
Bank [30], with accession codes 1mzl for the free mLTP
and 1mzm for the complex.
An inspection of the interprotein–ligand contacts shows 
the palmitic acid to be in a different binding mode in the
two complex structures. In mLTP complexed with palmi-
tate the carboxylate group of the ligand is in close vicinity
to Arg46 and Tyr81 (which corresponds to Tyr79 in bLTP)
and the ω end makes contacts to Ile15 and Ile11 (which
corresponds to Met10 in bLTP). This is in contrast to the
bLTP–PCoA complex, where Pal is in a U-shaped confor-
mation and both ends consequently make contacts to
Tyr79 and Met10. The ω end makes contacts to residues
Val31, Leu34, His35, Gln37 and Ala38 in HB and the a end
makes contacts to residues Cys13 and Leu14 in the second
part of HA. The binding mode seen in the mLTP complex
is clearly not possible in the bLTP complex. In bLTP, the
NOEs between the ω methyl group and His35 are not in
agreement with the position of the ω end in the mLTP
complex, which is near the residues Ile15, Ala18 and
Val60. There are no NOEs from the ω methyl group to 
any of the corresponding residues in the bLTP complex.
However, the three methylene groups in the a end of the
Pal moiety are all positioned in this region of the protein.
300 Structure 1997, Vol 5 No 2
Figure 4
The bLTP–PCoA complex shown as van der Waals surfaces. 
Residues that form the hydrophobic cavity are coloured blue and the
rest of the protein is coloured red. The ligand is coloured according to
atom type; atoms are in standard colours. Adenosine-3′-phosphate,
pyrophosphate and part of the pantothenic acid residues of the ligand
are solvent exposed, whereas the palmitoyl chain and cysteamine
residues are completely embedded in the structure.
Figure 5
The bLTP–PCoA complex. The protein is shown as a ribbon structure
with the four a helices coloured: red (HA), orange (HB), blue (HC) and
green (HD). The ligand is shown in CPK representation: the CoA
moiety is coloured yellow and the palmitoyl moiety is coloured green.
The key residues in interaction with the palmitoyl chain, Met10 and
Tyr79, are shown in cyan.
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Figure 6
NOE and chemical-shift differences in
liganded and unliganded bLTP. (a) Above
diagonal: changes in the Ca–Ca distance
between PCoA-bound and free bLTP. The
comparison was performed using the
minimized average structures, calculated from
the two sets of structures. Red circles
indicate negative distance changes, whereas
blue circles indicate positive distance
changes. The circles are increasing in size
representing distance changes from ± 2 Å to
± 8 Å. Below diagonal: NOEs applied in the
structure calculations of the free and the
PCoA-bound bLTP. NOEs applied in the
calculation of the free bLTP are represented
as cyan filled circles and those applied in the
calculation of the bLTP–PCoA complex are
shown as black open squares. Boxes indicate
sites for potential helix–helix interactions.
(b) Chemical-shift differences between
unliganded and liganded bLTP, determined at
pH 7.2. The colour code is as follows: black
(HN), yellow (Ha) and cyan (sidechain). 
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Figure 7
A comparison of the minimized, lowest energy
structures of (a) liganded and (b) unliganded
bLTP. The a helices are coloured: red (HA),
orange (HB), blue (HC) and green (HD).
In Figures 8a and 8b interprotein–ligand contacts between
four representative protein residues of bLTP and the 
Pal moiety of PCoA are presented. The figures show con-
tacts which confine the U-shape of Pal and the direction 
of the ligand.
In the light of the mLTP complex structure, one might
expect that an olefinic ligand of a comparable length to
palmitic acid would be a more suitable ligand for nsLTPs
than the much larger ligand PCoA. However, in bLTP
and the nsLTP from rape (rLTP) the binding of long
chain acyl-CoA is seen to be stronger than the binding 
of the corresponding free fatty acids [17]. Similar informa-
tion is not available for maize. Given the similarity in
sequence and structure, we may anticipate that the situa-
tion in mLTP is the same as in bLTP and rLTP. The dif-
ference in ligand induced conformational changes in the
two related proteins may therefore be related to the dif-
ference in the size of the two ligands. The accommodation
of the larger Pal and Pan residues of PCoA requires the
large conformational change, whereas this seems not to be
necessary for the binding of palmitate.
Comparison to other functionally related proteins
Despite the differences in the primary and tertiary struc-
tures, bLTP is functionally related to at least three differ-
ent classes of proteins: animal fatty acid binding proteins
(FABPs) [31,32], acyl-CoA binding proteins (ACBPs) [25]
and a class of proteins which include phospholipid-
binding proteins from human Clara cells [33]. The FABPs
are b sheet proteins, whereas the other two types of
protein are a helical in nature.
The animal FABPs bind fatty acids of different length in
much the same manner as bLTP. The ligands adopt a
U-shaped conformation when they are bound within the
very large interior binding cavity of FABP [31]. The
atomic structure of the FABPs is not changed upon
complex formation. The ligand is enclosed in the struc-
ture by the co-ordination of the carboxylate of the fatty
acid to an arginine sidechain in the interior of the b clam
structure [32].
In the structure of ACBP complexed with PCoA, the Pal
moiety of the ligand also adopts a bent conformation.
However in ACBP, Pal is not enclosed in a hydrophobic
cavity in the structure, but rather positioned in the close
proximity of nonpolar residues in a groove in the interior
of the protein. In this structure, the CoA head of the
ligand covers the Pal moiety, protecting it from the
solvent. Unlike CoA in interaction with bLTP, CoA forms
very specific interactions to ACBP [25].
In the structure of the phospholipid-binding protein from
human Clara cells an entire phospholipid is bound inside a
large hydrophobic cavity within the protein. The structure
of a complex between an nsLTP and a phospholipid has
not yet been solved and thus it is not clear if nsLTP 
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Figure 8
Interprotein–ligand contacts in the PCoA–bLTP complex. (a) HSQC-
NOE spectrum. Diagnostic interprotein–ligand NOEs between the two
assigned ends of the palmitoyl chain (Pal) and four protein residues.
Sequential NOEs between cysteamine and Pal are also shown.
(b) Interprotein–ligand contacts. The figure shows a selection of
distances (Å) between assigned ligand protons (black) and the four
protein residues presented in (a).
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is able to expand itself to a larger extend than was seen 
in bLTP. The binding of phospholipids to nsLTPs has
been studied by fluorescence spectroscopy. These studies
showed that both mLTP and wLTP bind phospholipids
very differently from the way in which they bind fatty
acids [21]. The chemical-shift differences between un-
liganded mLTP and a complex formed between mLTP
and the phospholipid lyso-phosphatidylcholine, stereoyl
(lyso-C16) showed perturbations in much the same areas as
in bLTP complexed with PCoA, including the second half
of HA, all of HC and most of the extended C terminus.
These perturbations were, however, not as large as
observed in the bLTP–PCoA complex, and they were all
less than 0.5ppm. 
The present work suggests that nsLTPs are not able to
expand enough to enclose a larger ligand, such as an entire
phospholipid molecule. It is possible that the Pal moiety
of the lyso-C16 phospholipid ligand will be slightly bent,
and enclosed within the hydrophobic cavity exposing the
rest of the phospholipid to the solvent, just as was seen for
the binding of PCoA to bLTP. Taking into account the
many proposed functions of nsLTP, it is possible that the
structures of nsLTPs are able to expand and in this way
fulfill very different functions.
Biological implications
Lipids are essential compounds required by all living
organisms, these molecules play an important role in the
formation of the cell membrane and organelles. Lipids
are also involved in anchoring proteins to the cell mem-
brane, for example, proteins involved in signal trans-
duction pathways employ specific lipids to anchor
themselves to the lipid bilayers of membranes. In order to
provide the cell with lipids, for these and other purposes,
the cell contains extensive enzyme machinery for the de
novo synthesis of most lipids. Due to their nonpolar
properties, many lipids cannot exist easily in high concen-
trations within the cytoplasm of the cell; a high con-
centration of soluble lipids in the cytoplasm is a serious
problem for cell stability. The cell therefore employs
mechanisms to regulate both the concentration and local-
ization of lipids within the cell. A number of different
proteins, found both in the cytoplasm and extracellularly,
are known to bind lipids [25,32,34–37]. In most cases a
specific physiological function has not been identified for
these proteins. However, in many cases these proteins
have been shown in vitro to have the ability to bind,
transport, and deliver lipid molecules to where they are
needed in the cell, either to sites of lipid synthesis or to
sites of membrane formation. Some of these proteins
have very high specificities and strong binding properties
whereas others have a broader specificity and a larger
variation in their binding properties. A group of lipid-
binding proteins known as non-specific lipid transfer pro-
teins (nsLTPs) belong to this latter group.
In this study the binding properties of the nsLTP from
barley seeds (bLTP) have been examined for a number
of different types of lipid molecules. It was found that
palmitoyl coenzyme A (PCoA) binds more strongly
than phosphatidylcholine fatty acid esters and free fatty
acid salts, however, the binding affinity was apparently
only moderately higher than for these other ligands. The
relatively low binding affinities that have been reported
for the interactions of nsLTPs with lipid-type molecules
imply either that the specific targets of these molecules
remain to be discovered or that their biological functions
are exerted in combination with other co-factors which
are necessary to establish biological specificity. It was
found previously that palmitate binds to the homologous
maize LTP in a hydrophobic binding pocket [20]. The
increased binding constant of bLTP for PCoA suggests
that this lipid is a more likely ligand for nsLTPs than
palmitate, and it was therefore decided to examine the
structure of this complex by NMR spectroscopy. 
The structure of the complex reveals that bLTP binds
PCoA in a hydrophobic cavity and that the binding of
this ligand induces a major conformational change in 
the protein structure. This expansion is accomplished
largely as a result of structural changes in two of the
helices in the structure ( HA and HC) and in the C-ter-
minal peptide. Binding of the smaller ligand, palmitate, to
maize LTP did not induce a significant conformational
change. The dramatic conformational change seen with
the larger ligand suggests that this structural change is
most likely to be the origin of the broad specificity of
nsLTPs to a range of lipids containing long fatty acid
esters. The results may suggest that the lipid-binding site
in plant nsLTPs may be structured in such a way as to
enable it to accept a much larger chain of hydrophobic
character, for instance the cutin monomers that are
involved in cuticle formation [13].
Materials and methods
Protein purification
bLTP was purified with minor adjustments to the protocol previously
described [38]. The protein was chromatographed on an S-Sepharose
(5 × 15 cm, 300 ml) ion exchange column, equilibrated with 20 mM
Na-phosphate, pH 7.0; bLTP was eluted by applying a linear NaCl
gradient (0–0.1 M) in the same buffer. This preparation of bLTP was
desalted on a Sephadex G25 (16 × 1 m) column in 20 mM NH4HCO3
and the pooled fractions were lyophilized twice.
Fluorescence spectroscopy
C18:2, C18:1, C16:0, lysoPC, myoPC, PCoA and OCoA were all obtained
from Sigma, Saint Louis, USA. The intrinsic fluorescence of bLTP was
measured using a Perkin-Elmer luminescence spectrometer, model
LS 50B. The tyrosine fluorescence emission of bLTP was measured
at 298K for all applied ligands except for PCoA which was addi-
tionally measured at 310K. The fluorescence emission was followed
from 285 to 450 nm, with an excitation of 276 nm, showing a
maximum at 303 nm (pH 7.2) and at 305 nm (pH 4.0). The slit widths
were 5.0 nm. Each reported measurement is the sum of three
consecutive scans.
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Protein concentrations varied from 4.6 to 10.5 mM as determined
spectrophotometrically by A280 using the extinction coefficient (ε280) 
of bLTP = 4.6 mM–1 as determined by amino acid analyses. In all mea-
surements the pH was adjusted to pH 4.0 and also to pH 7.2 for the
experiments with PCoA.
The three fatty acids and the two phospholipids were dissolved in 50%
ethanol / bLTP (v/v) resulting in a final concentration of ethanol in the
cuvette of 10%. The bLTP concentration was kept constant during
titration. A fluorescence emission spectrum of a 1 ml solution of the
free bLTP, of a concentration between 4.6 and 10.5 mM, was mea-
sured initially. For each measurement in the titration, 2.5 ml aliquots of
the ligand sample were added. In the case of the acyl-CoA a timedrive
was run, showing that, on average, the sample had reached equilibrium
after 3 min. In all experiments the ligands own fluorescence was
detected revealing that none of the ligands measured would fluoresce
in the area of tyrosine and consequently would not interfere with the
quenching of the signal. In addition, the effect of ethanol on bLTP was
examined, showing that the applied amounts of ethanol had no influ-
ence on the fluorescence spectra of bLTP.
Ligand synthesis and purification
13C16-PCoA was prepared as described previously [39] using [13C16]-
palmitic acid obtained from Cambridge Isotope Laboratories, Inc., USA,
instead of the radioactive [1-14C]-palmitic acid. Unlabelled PCoA and
CoA-lithium salt were both obtained from Sigma, Saint Louis, USA.
Purification was carried out by reverse-phase HPLC as described
previously [40].
NMR sample preparation
Two different samples were produced: a) [bLTP]/[PCoA]: [3.2 mM]/
[9.6 mM] and b) [bLTP]/[13C16-PCoA] : [2.5 mM]/[7.5 mM]. In the prepa-
ration of sample a) 1.9 mmol bLTP was dissolved in 540 ml H2O and
60 ml 2H2O to a final concentration of 3.2mM, the pH was subse-
quently adjusted to 7.2 with 0.025M HCl. An aliquot of 5.75 mmol
lyophilized PCoA was dissolved in the prepared protein solution and
the pH was again adjusted to pH7.2. Sample b) was produced in a
similar manner though to a different final concentration. For spectra
recorded in 99.99% 2H2O in water, sample a) was lyophilized and dis-
solved in 1 ml 99.99% 2H2O. After 24 h the sample was lyophilized
again and dissolved in 600 ml 99.99% 2H2O, in order for the labile
protons to be exchanged; the pH was adjusted to 7.2 with 0.025M
2HCl, disregarding deuterium effects. All chemicals used were of analy-
tical grade and purchased from E Merck, Darmstadt, Germany. The
concentrations of bLTP and PCoA were calculated from UV absorption
using ε280 = 4.6 mM–1 and ε260 = 14.7 mM–1, respectively.
Recording and processing of NMR data
All NMR spectra were recorded at 310K and at 14.1 tesla on a Bruker
AMX600 spectrometer. A number of homonuclear experiments were
recorded, including DQF-COSY [41], TOCSY [42] and NOESY [43],
both in water and in deuterium oxide. The spectra were recorded with
1024 and 2048 complex points in the t1 and t2 dimensions, respec-
tively. A total of 64 transients per increment were recorded and a spec-
tral width of 8620 Hz in both dimensions was applied. The residual
water signal was attenuated by applying a low power irradiation on the
water resonances between the transients. The mixing times of the
NOESY spectra in H2O were 80 ms and 220 ms whereas in 2H2O it
was 150 ms. The duration of the DIPSI-2 mixing sequence applied in
the TOCSY spectra was 44 ms in all experiments, the low power irradi-
ation of the water signal was also present in the mixing period. Two
kinds of heteronuclear experiments were recorded, a HSQC [44] and a
HSQC-NOE [45] experiment. In these experiments the t2 dimension
was recorded in a similar way to the homonuclear experiments and in t1
256 complex points with 512 transients per increment were recorded,
with a spectral width of 7142 Hz in the 13C dimension. In order to
obtain quadrature detection in t1 and pure lineshapes, the method of
States-TPPI has been used in all recorded spectra [46].
The recorded data were processed using the MNMR software package
[24]. The data were zero filled to 8192 × 2048 complex points in t2
and t1, respectively. A shifted squared sine bell of p/2.6 in t1 and an
exponential and a gaussian transformation in t2 were multiplied to each
FID to both the NOESY (150 ms, 220 ms), TOCSY, HSQC and the
HSQC-NOE spectra. Both the DQF-COSY and the 80 ms NOESY
were multiplied by a p/5 shifted sine bell in both dimensions, in order to
determine the 3JHNHa coupling constants [47]. All spectra were phase
and baseline corrected in accordance to the MNMR manual.
Conversion of NMR parameters to structural restraints
The assigned NOE cross-peaks were grouped into strong, medium 
and weak corresponding to the distances, 1.8–2.8 Å, 1.8–3.7 Å and
1.8–5.0 Å, respectively. The upper limit distance was increased by
0.5 Å in the case of methyl group protons [48]. In addition, a deviation
was made in the case of inter NOEs between the protein and the
ligand. The upper limit distance was increased by 0.5 Å in the case 
of NOEs to the ring protons of Tyr79. The f angles were derived from
the measured 3JHNHa coupling constants combined with the mea-
sured intensity of the corresponding HN-Ha NOE cross-peak [49]. The
f angles were restrained to ± 40° to the derived rotamer; the sidechain
dihedral angles were restrained to ± 60° to the derived rotamer. The
torsion angles of the ligand were constrained with ± 5° for the υ0-υ4
angles of the ribose as derived from the pseudo-rotation angle P. The
χ angle of Ade was not constrained as this would interfere with con-
straints derived form the NOEs between the base and the ribose ring.
Hydrogen bonds were extracted from calculated structures and used
as restraints, with restraints of 2.9 ± 0.2 Å for N–O distances and
1.95 ± 0.15 Å in the case of HN–O distances.
Structure calculations
The derived NOE distance restraints were initially sorted by use of the
program DIANA [50] to remove non-informative distance restraints.
Subsequently, the standard protocol of X-PLOR 3.1 [51] was applied
for protein structure calculations. In this way 48 protein structures of
the bLTP complex, were calculated in the absence of the ligand. Struc-
tures with no distance violations greater than 0.5 Å and no dihedral
angle violations greater than 10° were accepted. These structures
were used for further calculations. Random structures of the ligand
PCoA were calculated using X-PLOR 3.1. These structures were com-
bined with the refined structures of bLTP generated (one by one) by
the standard X-PLOR 3.1 protocol. The 48 combined structures of 
the bLTP–PCoA complex were subjected to the standard simulating
annealing and refinement steps of the X-PLOR 3.1 protocol, using the
parameter and topology files for PCoA reported previously [25], but
modified for the X-PLOR 3.1 distance geometry protocol. The 48 struc-
tures were further refined in a restrained dynamic step making use of
the full CHARMM potential with the original parameter and topology
files for PCoA [25]. All calculations were performed on a Power Indigo2
computer. The structures were visualized applying the computer
program InsightII (from BIOSYM Technologies Inc.) and analyzed using
the X-PLOR 3.1 program. Average angles and their standard devia-
tion were calculated in accordance to [29]. The structures were also
analyzed using the computer program PROCHECK [52].
Accession numbers
The coordinates of the structure of bLTP have been deposited with the
PDB, with accession code jtb.
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